. Effects of hsp90 binding inhibitors on sGC-mediated vascular relaxation. Am J Physiol Heart Circ Physiol 291: H260 -H268, 2006. First published February 17, 2006 doi:10.1152/ajpheart.01027.2005.-Vascular soluble guanylate cyclase (sGC) exists in multimeric complexes with endothelial nitric oxide (NO) synthase (eNOS) and heat shock protein 90 (hsp90). Whereas disruption of hsp90-eNOS complexes clearly attenuates eNOS-dependent vascular relaxation, the contribution of sGC-hsp90 complexes to eNOS-or NO donor-dependent relaxations remains unclear. Isolated rat thoracic aortic rings were preincubated with structurally diverse hsp90 binding inhibitors, radicicol (RA) or geldanamycin (GA), or vehicle for 0.5, 1, or 15 h. Preconstricted vessels were exposed to ACh, 8-bromo-cGMP (8-BrcGMP), forskolin, or one of three NO donors: nitroglycerin (NTG), sodium nitroprusside, or spermine NONOate (SNN). Both RA and GA inhibited endothelium-dependent relaxations dose dependently. Indomethacin or the antioxidant tiron did not affect the inhibition of ACh-induced relaxations by GA. Long-term (15 h) exposure to RA inhibited all NO donor-induced relaxations; however, GA inhibited SNN-induced relaxation only. The effects of GA and RA appeared to be selective because 15-h treatment with either agent did not affect forskolininduced relaxations and only slightly decreased 8-BrcGMP-induced relaxations. Similarly to their effects on NO-donor-induced relaxation, 15-h exposure to RA, but not to GA, decreased hsp90-bound sGC protein expression and NTG-stimulated cGMP formation in aortic rings, whereas RA more than GA reduced SNN-stimulated cGMP formation. We conclude that RA, much more so than GA, selectively inhibits sGC-dependent relaxations of aortic rings by reducing sGC expression, disrupting sGC-hsp90 complex formation and decreasing cGMP formation. These studies suggest that hsp90 regulates both eNOS-and sGC-dependent relaxations. geldanamycin; radicicol; heat shock protein 90; soluble guanylate cyclase; nitric oxide donor; vasorelaxation NITRIC OXIDE (NO) is a key mediator of many physiological processes, particularly in the cardiovascular and central nervous systems, including smooth muscle relaxation, neurotransmission, inhibition of platelet aggregation, and immune responses. Soluble guanylate cyclase (sGC), the most common physiological receptor of NO, is the target of various pharmacological compounds currently used in the treatment of cardiovascular disorders.
NITRIC OXIDE (NO) is a key mediator of many physiological processes, particularly in the cardiovascular and central nervous systems, including smooth muscle relaxation, neurotransmission, inhibition of platelet aggregation, and immune responses. Soluble guanylate cyclase (sGC), the most common physiological receptor of NO, is the target of various pharmacological compounds currently used in the treatment of cardiovascular disorders.
The association between heat shock protein 90 (hsp90) and endothelial NO synthase (eNOS) was first described by Sessa and colleagues (9) . Recently, we demonstrated that sGC also exists in multimeric complexes with NOS and hsp90 (30) . Geldanamycin (GA), an ansamycin antibiotic, binds to the ATP binding site of hsp90 and competes for the association of hsp90 with client proteins. GA attenuates cGMP production not only in cultured endothelial and smooth muscle cells stimulated by sodium nitroprusside (SNP), LPS, IL-1␤, or estrogen (15, 22, 30, 31) but also in unstimulated arterial rings (13) . A decrease in the amount of hsp90-bound eNOS is associated with a decrease in NO production. Although there is general agreement that inhibition of hsp90 binding by GA reduces ACh-induced vasorelaxation (9, 27) , its effect on sGC-mediated relaxation remains controversial (9, 18, 24, 25) . Therefore, in this study we employed two structurally diverse hsp90 binding inhibitors, GA and radicicol (RA), over varying times of exposure and investigated the role of sGC/hsp90 complexes on three NO donor-induced relaxations.
METHODS
Materials. U-46619 and spermine NONOate (SNN) were purchased from Calbiochem (San Diego, CA). Phenylephrine (Phe), ACh, nitroglycerin (NTG), SNP, RA, and 8-bromo-cGMP (8-BrcGMP) were purchased from Sigma Chemical (St. Louis, MO). GA was obtained from NCI. Protein A/G agarose was obtained from Santa Cruz Biotechnology, and supersignal chemiluminescence substrate was from Pierce. Anti-sGC-␤ 1 antibodies (catalog no. 160897) were purchased from Cayman Chemical, and anti-hsp90 antibodies (catalog no. 610419) were from BD Biosciences (San Diego, CA).
Vascular reactivity. All animal experiments were approved by the Institution's Committee on Animal Use in Research and Education and adhered to the principles adopted by the American Physiological Society. Male Sprague-Dawley rats (250 -300 g) were euthanized by exposure to CO 2, followed by thoracotomy. The thoracic aorta was quickly removed and cleaned in physiological salt solution of the following composition (in mM): 118 NaCl, 4.7 KCl, 1.21 MgSO 4 ⅐ 7H 2 O, 1.92 CaCl 2 , 1.18 KH 2 PO 4 , 25 NaHCO 3 , and 5.5 dextrose. The aorta was cut into 4-mm rings, mounted in a muscle bath in Krebs buffer (pH 7.4, 37°C) containing 10 Ϫ5 M indomethacin (unless otherwise indicated), and bubbled with 95% O 2-5% CO2. Isometric force generation was recorded with a Multi Myograph System (Danish Myo Technology A/S). A resting tension of 2 g was imposed on each ring, and the rings were allowed to equilibrate for 90 min. The presence of a functional endothelium was confirmed by the ability of ACh (10 Ϫ4 M) to produce relaxation of tissues precontracted with Phe (3 ϫ 10 Ϫ5 M). For short-term incubation experiments, aortic rings were exposed to one of two structurally diverse hsp90 binding inhibitors, RA or GA, or vehicle (DMSO) for 0. Immunoprecipitation and Western blotting. Isolated rat thoracic aortas were frozen in liquid nitrogen and later thawed and homogenized in 300 l lysis buffer [50 mM Tris ⅐ HCl, 0.1 mM EGTA, 0.1 mM EDTA, 100 mM leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1% (vol/vol) Igepal, 0.1% SDS, and 0.1% deoxycholic acid; pH 7.5] as previously described (24) . Homogenates were centrifuged at 14,000 g for 20 min at 4°C, and an aliquot from the supernatant was collected for protein concentration analysis using the Lowry method. Another aliquot corresponding to 15 g of protein was used for electrophoresis. For hsp90 immunoprecipitation, 75 g of detergentsoluble protein were incubated with excess hsp90 antibody overnight after the sample was precleared with 20 l protein A/G-Sepharose agarose beads. Immune complexes were precipitated by the addition of 50 l protein A/G-Sepharose and washed five times, and proteins were eluted from the beads by boiling the samples in SDS sample buffer for 5 min. Agarose beads were pelleted by centrifugation, and protein supernatants were analyzed on SDS-polyacrylamide gels. Proteins were transferred onto a nitrocellulose membrane. The membrane was blocked in 5% milk and incubated with either anti-hsp90 (1:1,000) or anti-sGC antibodies (1:500) overnight at 4°C. After the membrane was washed with 5% milk in Tris-buffered saline containing Tween 20, the blots were probed for 45 min at room temperature with secondary antibodies conjugated to horseradish peroxidase, reacted with luminol reagent, exposed to film, scanned, and quantified.
Determination of cGMP levels. Rat thoracic aortic rings were treated with RA, GA, or vehicle for 15 h in Krebs buffer. After being washed for 15 min in Krebs buffer, rings were exposed to NTG or SNN (10 Ϫ5 M) or vehicle for 30 min in the presence of the phosphodiesterase inhibitor IBMX (1 mM). At the end of the incubation period, the wet tissue weight was measured, and the rings were snap-frozen in liquid nitrogen. Tissues were pulverized with a steel mortar and pestle prechilled in liquid nitrogen, and 10ϫ volume of 0.1 N HCl was added to extract cGMP. Thirty minutes later, the HCl extract was collected by centrifugation at 800 rpm for 15 min, and cGMP was estimated by ELISA (Biomol). Standard stock solutions of cGMP were prepared in 0.1 N HCl, and the absorbance of the solution was monitored spectrophotometrically (Biotech). Standard dilutions (0.8 -500 pmol/ml) were made from the stock solution. cGMP levels were expressed as picomoles per milligram of protein.
Statistics. All data are expressed as means Ϯ SE. The relaxation responses are expressed as percentage of the tone induced by Phe or U-46619. Nonlinear curve fitting was performed with GraphPad Prism (version 3.0 GraphPad Software). Results were analyzed by two-way ANOVA, followed by Bonferroni's test for multiple comparisons. When appropriate, unpaired Student's t-test was performed to determine the significance in the difference between two mean values. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
Time-and dose-dependent effect of GA and RA on ACh relaxations. To confirm that hsp90 binding inhibitors attenuate eNOS-dependent relaxations, rat thoracic aortic rings were exposed to ACh in the presence or absence of GA or RA. ACh elicited a concentration-dependent relaxation of the intact rat aortic rings, which was sensitive to both GA and RA (Fig. 1) . GA (18 M) inhibited ACh-induced relaxations strongly after as little as 0.5 h exposure (Fig. 1A) ; after 1 h of exposure, the inhibitory effect of GA on both the affinity and the maximal relaxation of the tissue to ACh was maximal (Fig. 1B, Table 1 ). Conversely, the RA (27 M)-induced inhibition of vasorelaxation continued to increase and reached maximal (complete inhibition) by 15 h of exposure (Fig. 1C, Table 1 ). Thirtyminute exposure of tissues to a lower concentration of either GA (1.8 M) or RA (2.7 M) had no effect on ACh-induced relaxation (Fig. 2D) .
Effect of tiron and indomethacin on ACh relaxations. To examine the role of cyclooxygenase (COX) products and of superoxide on the inhibitory properties of GA and RA, experiments were performed in the presence and absence of the Table 2 ).
Effects of hsp90 binding inhibitors on SNP-induced relaxations.
To investigate whether hsp90 binding inhibitors affect nitrovasodilator-induced relaxations, rat thoracic aortic rings were exposed to SNP. SNP relaxed precontracted rings in a concentration-dependent manner (Fig. 3) . Short-term incubation with GA or RA (0.5 or 1 h) did not inhibit maximal relaxation or sensitivity to SNP, whereas long-term incubation with RA strongly inhibited SNP-induced relaxations, as reflected in a rightward shift of the concentration-response curve (CRC; Fig. 3C ) and in reductions in both the maximal relaxation and sensitivity compared with vehicle (Table 3) . One hour treatment with GA moderately increased the relaxation to SNP, as seen in a small leftward shift in the CRC to SNP (Fig.  3B ) but did not affect E max or pD 2 values. Fifteen-hour exposure to GA did not significantly alter the CRC to SNP (Fig. 3C ) and did not produce significant effects on pD 2 values or maximal relaxations (Table 3) .
Effects of hsp90 binding inhibitors on SNN-induced relaxations. SNN strongly relaxed aortic vessels (Fig. 4) , and RA inhibited SNN-induced relaxations significantly after 1-and 15-h exposure, as shown by the rightward shift in the CRC (Fig. 4 , B and C) and the decreased sensitivity to SNN (Table  4) . Furthermore, long-term incubation with RA inhibited the maximal relaxation to SNN (Table 4) . Conversely, inhibition of SNN-induced relaxations by GA became apparent only after 15-h treatment (P Ͻ 0.05, Table 5 ) and did not alter the maximal relaxation response.
Effects of hsp90 binding inhibitors on NTG-induced relaxations. The organic nitrate NTG relaxed precontracted rings in a concentration-dependent manner (Fig. 5) . Incubation for 0.5 h with RA or GA did not affect NTG-induced relaxations (Fig. 5A ). One-hour exposure to GA induced a leftward, whereas RA induced a rightward shift of the CRC (Fig. 5B) , the latter accompanied by significant inhibition of maximal relaxations to NTG (Table 5) . Fifteen-hour treatment with RA totally blocked (Fig. 5C ) NTG relaxations, as reflected by inhibition of both maximal relaxation and sensitivity to NTG compared with control ( Table 5) .
Effect of hsp90 binding inhibitors on cAMP-and cGMPdependent relaxations.
To investigate whether the effects of hsp90 binding inhibitors on vascular relaxation are specific to the NO/sGC/cGMP pathway, we studied relaxations induced by the cGMP analog 8-BrcGMP and the adenylate cyclase activator forskolin in the presence of hsp90 binding inhibitors. Both 8-BrcGMP and forskolin elicited relaxation responses in control vessels. Fifteen-hour treatment with either hsp90 bind- Table 6 ). RA and GA decreased 8-BrcGMP-induced relaxations very slightly (Fig. 6B) , and only RA moderately attenuated the maximal relaxation relative to control (Table 6) .
Effects of hsp90 binding inhibitors on sGC and hsp90 expression.
To analyze hsp90-sGC complex formation, we immunoprecipitated whole vessel lysates with anti-hsp90 antibody and immunoblotted with anti-sGC antibody. Only RA reduced the sGC-hsp90 association (Fig. 7A) . Fifteen-hour exposure of vessel rings to either GA or RA attenuated the total amount of sGC expression in whole vessel lysates, with RA producing the more pronounced effect. Additionally, RA but not GA decreased hsp90 expression (Fig. 7B) .
Effects of hsp90 binding inhibitors on tissue cGMP levels. Thirty-minute exposure to either SNN or NTG (10 Ϫ5 M) stimulated cGMP formation significantly. Fifteen-hour treatment with GA (18 M) did not produce a significant decrease in cGMP formation in NTG-stimulated rings but reduced cGMP-formation in SNN-stimulated rings. On the other hand, RA (27 M) dramatically reduced cGMP accumulation in both NTG-and SNN-stimulated rings (Fig. 8) .
DISCUSSION
Recently, we reported that sGC exists in multimeric complexes with NOS and hsp90 and that the hsp90 binding inhibitor GA attenuated both the formation of the complex and SNP-induced cGMP production in either endothelial or smooth muscle cells (30) . Thus we hypothesized that sGC-hsp90 complexes may also increase the responsiveness of sGC to exogenous NO and that blocking hsp90 binding to sGC would inhibit sGC-dependent relaxations in vascular segments ex vivo. It appears that the effects of GA and RA are more complex in intact tissue than those observed in isolated cells.
Time-and dose-dependent effect of GA and RA on ACh relaxations. Both GA and RA produced a robust inhibitory effect on ACh-induced relaxation, in agreement with previous studies showing that 15-min incubation with GA (18 M) inhibited endothelium-dependent relaxations of rat aorta (9) . Although several studies have already shown that GA inhibits eNOS-dependent relaxations (9, 11, 18, 24, 25) , we now demonstrate that this effect is time dependent because the inhibitory effects of RA, primarily, but also, to a lesser extent, GA, increased with incubation time and became maximal after a 15-h exposure. There are conflicting data on the inhibitory effects of lower concentrations of GA. It has been shown that 15-min incubation with 3 g/ml (5.3 M) GA inhibits ACh relaxation in perfused rat mesenteric vessels (24, 25) but not in canine basilar arteries (13) . We observed that the inhibitory effect of GA and RA is dose dependent, as 0.5 h treatment with low concentration of these antifungal antibiotics does not alter eNOS-dependent relaxation, whereas higher concentrations do. Values are means Ϯ SE; n, number of rings. Phenylephrine-precontracted, endothelium-intact rat thoracic aortic rings were incubated for 0.5, 1, or 15 h with GA (18 M), RA (27 M), or vehicle. *P Ͻ 0.05, †P Ͻ 0.01, ‡P Ͻ 0.001 vs. vehicle. NS, not significant.
Furthermore, both hsp90 binding inhibitors decreased not only maximal relaxation but also the sensitivity of the endothelium to ACh. The mechanism of GA-and RA-induced inhibition of ACh-induced relaxation may be more complex and involve inhibition of tyrosine kinase activities (via dissociation of hsp90-tyrosine kinase complexes) and consequent tyrosine kinase-mediated NO release, in addition to the dissociation of eNOS-hsp90 complexes (18) .
Role of the COX pathway and superoxide on the inhibition of ACh relaxation by hsp90 binding inhibitors.
Receptormediated release of endothelium-derived relaxing factor and PGI 2 are coupled in bovine aortic endothelial cells (BAEC), and several agonists produce vasodilatation through the simultaneous release of NO and PGI 2 (6, 14) . Radicicol has been shown to inhibit COX-2 expression in smooth muscle cells (5) . In the present study, indomethacin did not alter the inhibitory effect of GA or RA on ACh relaxation, suggesting that inhibition of COX activity does not mediate the reduction of these agents in ACh-induced relaxations of rat thoracic aorta.
Previous reports have questioned the mechanism behind the effect of GA on endothelium-dependent relaxations (4, 7) as this agent can also generate O 2 Ϫ . The possibility that reactive oxygen species produced by GA may be responsible for the attenuated relaxation to ACh can be ruled out because GA effectively blocked the eNOS-dependent relaxations in the presence of the antioxidant tiron. Moreover, another hsp90 binding inhibitor, RA, abolished ACh relaxations even though it does not redox cycle (19) .
Effect of GA on sGC-dependent relaxations. The effect of GA on sGC-mediated relaxations of isolated vascular tissue has been controversial, with several reports observing no effect of GA on NO donor-induced vascular relaxation ex vivo (9, 18, 24, 25) . We investigated whether the reported failure of GA to inhibit NO donor relaxations of vascular tissue may be influenced by 1) the nature of the NO donor; 2) the exposure time of the tissue to the hsp90 binding inhibitor; or 3) the inhibitor itself, possibly acting on different binding sites for eNOS and sGC on hsp90. To explore these possibilities, we employed two structurally diverse hsp90 binding inhibitors, GA and RA, for short (0.5 and 1 h) and long (15 h) exposure times and on relaxations induced by three different NO donors.
Our finding that 0.5-h exposure to GA (18 M) does not inhibit NTG-mediated relaxation is consistent with previous studies (9) . Besides NTG, SNP-and diethylenetriamine NONOate (DETANONOate)-mediated relaxations are reported not to change by brief exposure to GA (5.3 M) in mesenteric or basilar arteries (13, 24) . This is consistent with our findings that short exposure to GA failed to affect SNP or SNN-mediated relaxations. Conversely, Ou et al. (18) showed that short incubation with 20 M GA inhibited high DETANONOate (10 Ϫ5 M) concentration-induced relaxations but did not affect the actions of lower DETANONOate concentrations (18) . Perhaps the higher GA concentrations could contribute to the different findings in the Ou et al. study. In the present study, even long-term exposure to GA only slightly decreased SNN-induced relaxations by a statistically significant but probably biologically unimportant magnitude.
Overall, GA exerted minimal inhibition of NO donorinduced relaxation, regardless of the time of exposure or the type of NO donor employed; in contrast, we previously demonstrated that GA produced a significant decrease in SNPinduced cGMP accumulation in cultured bovine aortic endothelial or rat aortic smooth muscle cells (30) . The difference between this study and our previous report may reflect the inability of GA to affect sGC-hsp90 complexes in intact vessels. Indeed, coimmunoprecipitation studies demonstrated almost no effect of GA on sGC-hsp90 association in vessel rings (Fig. 7) , whereas it completely inhibited this association in cultured vascular cells (30) . The reasons behind this difference are not clear; it is possible that smooth muscle cells in intact vessels may see a much lower concentration of GA; transport of GA across the endothelial and adventitial layers or its fate within the vascular wall remains unknown.
Effect of RA on sGC-dependent relaxations. Unlike GA, inhibition of NO donor-induced relaxations by RA increased with exposure time and became highly significant after 15-h exposure, regardless of the type of NO donor used. These data suggest that very short-term (0.5 h) blocking of hsp90 activity may not be enough to effectively disrupt hsp90/sGC complexes and reduce sGC-dependent relaxations. Long-term incubation Values are means Ϯ SE; n, number of rings. U-46619-precontracted, endothelium-intact rat thoracic aortic rings were incubated for 0.5, 1, or 15 h with GA (18 M), RA (27 M), or vehicle. SNN, spermine NONOate. *P Ͻ 0.05, ‡P Ͻ 0.001 vs. vehicle. NT, not tested. Values are means Ϯ SE; n, number of rings. U-46619-precontracted, endothelium-intact rat thoracic aortic rings were incubated for 0. with RA inhibited NO donor-induced relaxations to different extents, depending on the type of NO donor. Thus RA abolished NTG-induced relaxations, whereas it partially inhibited SNN-and SNP-induced relaxations. However, long-term treatment with RA attenuated the sensitivity to all NO donors. Accordingly, it appears that long-term blockade of hsp90 decreases NO donor-induced relaxations, suggesting that hsp90 optimizes sGC-dependent relaxations in vitro.
Role of the NO/sGC/cGMP pathway in the inhibition of NO donor-induced relaxations. Different NO donors produce vasodilation through varying degrees of activation of sGC (29, 32) . The predominant form of NO produced or the mechanism of NO generation (enzymatic or nonenzymatic) affects the degree of sGC activation and determines the heterogeneity in the actions of different NO donors. To better understand the functional importance of the sGC-hsp90 interaction, we investigated the effects of hsp90 inhibitors on vasorelaxation induced by multiple NO donors. We employed NO donors that represent a range of chemical classes and that release additional NO redox forms besides ⅐NO. SNP is also a NO ϩ donor; NONOates are predominantly ⅐NO donors, and NTG is a mixed donor (8) . The organic nitrate ester, NTG, and SNP require enzymatic or nonenzymatic bioactivation in the tissue to generate NO, whereas SNN releases NO spontaneously (12, 16, 17) . Long-term treatment with RA inhibited relaxation responses to each of the NO donors in differing degrees (NTG Ͼ SNN Ͼ SNP). These results parallel the different sensitivities of the sGC inhibitor 1H- [1, 2, 4] oxadiazolo[4,3-a]-quinoxalin-1-one (ODQ)-mediated inhibition of vascular relaxation by these same three NO donors on rat pulmonary artery and mouse aorta (10, 28, 32) .
Hsp90 binding inhibitors had no effect on forskolin-induced relaxation, suggesting that the inhibition of NO donor-induced relaxations by these inhibitors is likely selective to the NO/ sGC/cGMP pathway. These experiments also address the concern that decreased relaxation to the NO donors may have resulted, at least in part, from a toxic effect of long-term exposure of tissues to RA because cAMP-induced relaxations were not affected by long-term incubation with RA.
To investigate whether the inhibitory effects of hsp90 binding inhibitors on NO donor-induced relaxations are dependent on inhibition of sGC activity or on inhibition of downstream mechanisms, we examined the effect of GA and RA on 8-BrcGMP-induced relaxations. Long-term exposure to either hsp90 binding inhibitor barely attenuated cGMP-induced relaxations, suggesting that the inhibitory effects of the hsp90 binding inhibitors on exogenous NO are mostly due to disruption of sGC activity.
Effect of hsp90 binding inhibitors on NTG-stimulated cGMP accumulation. We did not observe a decrease in NTG-stimulated cGMP accumulation in rat thoracic aortic rings after 15-h treatment with GA. This agrees with a report that GA does not influence cGMP accumulation in response to SNP stimulation in human umbilical vein endothelial cells (HUVEC) (9) . On the other hand, we have reported that GA inhibits SNP-induced cGMP accumulation in early-passage BAEC and rat aortic smooth muscle cells (RASMC) (15, 20) . The reasons for this apparent discrepancy are unclear but may relate to the use of diverse systems, i.e., BAEC and RASMC vs. HUVEC and in vivo vs. aortic rings. On the other hand, GA reduced SNNstimulated cGMP accumulation; this finding agrees with the observation that GA inhibited SNN-induced vasorelaxation. RA (27 M) dramatically inhibited NO donor (both SNN and NTG)-induced cGMP accumulation to a much higher degree than GA. Again, these results agree with our observed inhibition of NO donor-induced vascular relaxation.
Effects of two hsp90 binding inhibitors on sGC and hsp90 protein levels. Long-term treatment with GA did not alter hsp90 protein levels and induces only a mild decrease in sGC protein expression, whereas RA decreased both hsp90 and sGC levels dramatically. These data are consistent with the effects of GA and RA on NO donor-induced relaxation. Although GA slightly attenuated total sGC expression in vessels, this decline appears insufficient in producing a significant inhibitory effect on NTG-or SNP-induced relaxations but enough to cause a moderate rightward shift in SNN-induced relaxations. RA significantly reduced hsp90-sGC complex formation, suggesting that hsp90-bound sGC is mainly responsible for the decrease in sGC level in lysates. Thus long-term treatment with RA reduced hsp90-sGC complexes and at the same time inhibited sGC (NO donor)-dependent relaxations. However, long-term treatment with GA failed to decrease hsp90-bound sGC levels, produced only weak inhibition of NO donorinduced relaxations, and failed to inhibit NTG-stimulated cGMP accumulation. We therefore conclude that sGC-dependent relaxations are likely regulated by hsp90 and that the capacity of sGC to be activated by NO is dependent on hsp90 activity. Whereas in many cases the effect of hsp90 binding inhibitors is to reduce the activity of the client protein, in other cases, they exert their effects by making client proteins available for degradation (26) . Therefore, it is possible that the effects of RA on sGC may be due, at least in part, to increased sGC degradation, suggesting that additionally or alternatively, hsp90 may serve to stabilize sGC as is the case for another protein of the sGC/eNOS/hsp90 complex, Akt (3) .
Different effects of GA and RA. The present study demonstrates that two structurally diverse hsp90 binding inhibitors have different effects on sGC-dependent relaxations and hsp90-sGC complex integrity. The difference between the two hsp90 binding inhibitors on disrupting sGC-hsp90 complex and consequent relaxation may result from their different potencies in binding to hsp90; RA binds to hsp90 with a 50-fold greater affinity than GA (21) . Consequently, a higher concentration of GA may be necessary to disrupt sGC-hsp90 interaction compared with RA. This hypothesis is supported by a study showing inhibitory effects even after short-term incubation with high-concentration (20 M) GA (18) . The increased efficacy of RA may be a result of its specificity: GA binds to both Grp94 (ER homolog of hsp90) and hsp90 with equal potency, whereas RA binds more selectively to hsp90 (23) .
The differing effects of the two hsp90 binding inhibitors on sGC-dependent relaxations may also be related to hsp70; recently it was shown that hsp70 is another sGC-interacting protein, responsible for an sGC-activating effect (2). RA does not bind to hsp70 (23) , and conversely GA has been shown to increase hsp70 levels in fibroblasts (1) . Thus it is conceivable that the increased NTG-and SNP-induced relaxation by GA may be due to its increasing hsp70 levels.
We also observed that eNOS-hsp90 complexes appear to be more sensitive to hsp90 binding inhibitors than sGC-hsp90 complexes because short exposure to either inhibitor attenuated eNOS-dependent relaxations. It is possible that the binding sites of hsp90 to sGC may be different from those of eNOS to Fig. 7 . Soluble guanylate cyclase (sGC) and heat shock protein 90 (hsp90) protein expression assessed by Western blotting of lysates immunoprecipitated with hsp90 antibodies (sGC levels were normalized to hsp90 level by dividing density of sGC band to hsp90 band) (A) and total lysates of endothelium-intact rat thoracic aortic vessels treated for 15 h with vehicle, GA (18 M), or RA (27 M) (B). *P Ͻ 0.05, ***P Ͻ 0.001, 2-way ANOVA followed by Bonferroni post hoc test compared with vehicle, n ϭ 4 -7 rings. IP, immunoprecipitate; IB, immunoblot. hsp90. Although both of these chemically unrelated compounds bind to the NH 2 -terminal ATP/ADP-binding domain of hsp90, binding sites of RA and GA differ in details. For example, it has been shown that Gly131 deletion alone does not completely abrogate GA binding to hsp90 but shows markedly reduced binding to RA (23) .
In summary, hsp90 likely regulates both eNOS-and sGCdependent relaxations of aortic vessels. Inhibition of endothelium-dependent relaxations are dose and time dependent and unrelated to superoxide generated by GA or to COX inhibition by RA. Similarly, time-dependent inhibition of NO donorinduced relaxations by RA does not appear to involve a nonspecific or toxic effect and is associated with significant reduction in sGC-hsp90 complex formation and sGC expression.
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